Although reliable methods exist to predict the apparent sound reduction index of heavy, homogeneous isotopic building constructions, these methods are not appropriate for use with lightweight building constructions which typically have critical frequencies in or above the frequency range of interest. Three main methods have been proposed for extending the prediction of flanking sound transmission to frequencies below the critical frequency. The first method is the direct prediction which draws on a database of measurements of the flanking transmission of individual flanking paths. The second method would be a modification of the method in existing standards. This method requires the calculation of the resonant sound transmission factors. However, most of the approaches proposed to calculate the resonant sound transmission factor work only for the case of single leaf homogeneous isotropic building elements and therefore are not readily applicable to complex building elements. The third method is the measurement or prediction of the resonant radiation efficiency and the airborne diffuse field excited radiation efficiency which includes both the resonant and the non-resonant radiation efficiencies. The third method can currently deal with complex building elements if the radiation efficiencies can be measured or predicted. This paper examines these prediction methods.
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I. INTRODUCTION
Parts 1 and 2 of the EN 12354 (ISO 15712) (2005a; b) series of standards describe methods for predicting airborne and impact flanking sound transmission. These methods are only applicable to monolithic homogeneous isotropic building elements above the critical frequency (Hongisto, 2001; Gerretsen, 2003) . There is great interest worldwide in applying the prediction of the apparent sound transmission to lightweight building elements which typically have critical frequencies in or above the frequency range of interest. The main purpose of this paper is to present the results of new theoretical research into why the different methods, which have been proposed to extend the EN 12354 method to below the critical frequency, give such different results, and to recommend, on the basis of theoretical grounds, which are the best methods to use. Three main approaches have been proposed for extending the predictions to frequencies below the critical frequency and to more complicated building elements.
The first proposed approach is the direct measurement of the flanking transmission factors of each transmission path for typical constructions and the establishment of a database of these flanking transmission factors. The direct method can work with complex building elements and avoids problems such as the non-diffuse vibratory fields (Brunskog and Chung, 2011) Most lightweight building elements are more complex than single leaf, homogeneous, isotropic elements. Ribs such as studs and joists complicate the theoretical calculations by providing a structural transmission path between separate wall leaves. The EN12354 (ISO, 2005a ; b) method does not make clear whether it is the double leaf wall or just one of its leaves which is to be used in the calculation of the resonant transmission loss.
The third approach is the measurement or the prediction of the airborne diffuse field excited radiation efficiency and the resonant radiation efficiency. These values are then used along with the airborne noise excited velocity level difference to predict the flanking sound reduction index of complex building elements. This approach will be referred to as the CSTB prediction method in this paper.
Each of the approaches will be examined in this paper and the advantages and disadvantages discussed. It should be noted that in the published literature relating to the topics considered in this paper, the terms "free" and "resonant" are used interchangeably to describe the vibration, the sound transmission factor, the sound insulation, the sound reduction index and the sound transmission loss. Similarly, the terms "forced" or "non-resonant" are also used interchangeably to describe the same terms. In this paper the terms "resonant" and "non-resonant" will be used in order to avoid having to use both interchangeable terms. However, the authors believe that there is nothing wrong with the use of the other interchangeable terms.
II. DIRECT PREDICTION METHOD
The most direct method of predicting the apparent sound transmission factor is to establish a database of measured flanking sound transmission factors for different combinations of elements and junctions. The measurement of the flanking sound transmission of each path could be made in a dedicated facility by using sound intensity to measure the sound transmission for the flanking elements (ISO, 2003) or by shielding all of the flanking elements other than the ones being measured. If the flanking normalized level difference D nf is measured in the laboratory situation for lightweight building elements with high internal damping, then the in situ flanking sound reduction index R ij is given by ISO 15712-1 (ISO, 2005a) 0 , 10 0 10 log
where the structural reverberation times have been ignored because of the high internal damping loss factors. In this equation, S 0 is the area of the common building element between the two rooms, A 0 is the normalized sound absorption area of 10 m 2 and l ij,lab and l ij are the length of the junction between building elements in the laboratory and in situ, respectively. The apparent sound reduction index of a new construction can then be predicted by using the database to compile the transmission loss of the direct transmission path and the flanking sound transmission factors of each of the flanking transmission paths.
The direct prediction method is being used by the National Research Council of Canada based on the database of measurements made at the flanking facility in Ottawa (Quirt, 2009 ).
This method has the advantage that measured values are used and therefore the method is not limited by the assumptions made for the EN12354 method (ISO, 2005a; b) including that the critical frequencies of the elements are below the frequency range of interest and that the elements support diffuse vibratory fields. However, a major difficulty with this approach is the extension of the predictions to the low frequencies since it is difficult to adequately shield alternative flanking transmission paths during the measurements at the low frequencies.
Measurements made using sound intensity will have the same problem since shielding may be needed in the presence of strong flanking contributions from other elements. Another problem is that it is not possible to predict the performance of constructions which have not already been tested. Lastly, the database used for the direct predictions will have to be very large to be used for a large number of different element and junction constructions. This is because each combination of structure, junction and structure needs to be measured separately and different directions of the reinforcing ribs relative to the junction count as different structures.
III. THE EN12354 PREDICTION METHOD
The second method of calculating the flanking sound transmission factors of lightweight building constructions involves modifying the existing EN 12354 method (ISO, 2005a; b) by specifying how to calculate the resonant sound transmission factor below the critical frequency.
According to Gerretsen (1979) , the flanking transmission factor can be calculated according to
where τ ij is the flanking sound transmission factor between building elements i and j, τ r,i is the resonant sound transmission factor of building element i, σ r,i is the radiation efficiency of building element i and S j is the surface area of element j, and the resonant vibration reduction factor d r,ij is the ratio of the spatially averaged mean squared surface velocities The EN12354 estimate of the flanking transmission factor τ EN12354 between elements i and j assumes reciprocity between the calculated flanking transmission factor terms in each direction to exclude the radiation efficiency terms from Eq. (2) such that (Nightingale, 1995) 12354 , , , , 0
According to ISO10848 (ISO, 2006) , the spatially averaged mean square velocity used to calculate the vibration reduction factor is generally measured on the non-excited face of the source element and on the radiating face of receiving element. In the case of homogeneous, isotropic, finite building elements, the side on which the measurements are made is irrelevant, but in the case of double-leaf constructions, attention to the measurement surface is important.
However, it should be noted that there is still some debate about which surface should be used to make the measurements of the spatially averaged mean square velocity in the case of double-leaf elements.
The determination of the resonant sound transmission factors in Eq. (4) presents a problem with applying the EN12354 method below the critical frequency. In the case of heavy, monolithic structures with critical frequencies below the frequency range of interest, the resonant transmission factor may be assumed to be that measured in the laboratory. single leaf finite homogeneous isotropic panels. Therefore, in the discussion of the calculation of the resonant transmission factor, it will usually be assumed that the building elements are single leaf finite homogeneous isotropic panels. This is a very serious restriction. Most building elements with high critical frequencies will be complex structures.
In this paper, the non-resonant sound transmission factor and the non- This definition of non-resonant velocity is what is effectively used in EN12354 (ISO, 2005a) , in statistical energy analysis (SEA) approach of Crocker and Price (1969) and by Gerretsen (2007) . It is a practical approximation to the particular integral of the bending wave partial differential equation of a single leaf homogeneous isotropic wall below the critical frequency which is more appropriate to use in this situation than Sewell's approximate correction factor (1970) . It has no relationship to the particular integral at and above the critical frequency and is different from the approximation used by Sewell (1970) , Rudder (1985) , Leppington et al. (1987) and Lee and Ih (2004) below the critical frequency. These authors use Sewell's (Sewell, 1970 ) approximate correct factor of
which accounts for the approach of the frequency f to the critical frequency f c from below.
Sewell's approximate correction factor is an approximation because it is only completely correct if all the sound is incident at grazing angles of incidence, and if damping and radiation losses are ignored.
It is not clear if these definitions can be applied to more complicated building elements.
This, together with the disagreement in the literature on the definitions, suggests that the use of resonant sound transmission factors for complex building elements is best avoided completely if possible.
The methods which have been proposed to calculate the resonant sound transmission factor can be grouped into three categories: subtraction methods, correction factors and theoretical predictions.
A. Subtraction of the predicted non-resonant sound transmission factor
The simplest method to obtain the resonant sound transmission factor is to subtract the predicted non-resonant sound transmission factor from the measured total sound transmission factor (Gerretsen, 2007) . However, the subtraction method has a number of significant limitations. The sound reduction index measured according to ISO140 has a standard deviation of reproducibility as high as 9 dB in the 100 Hz 1/3 octave band (ISO, 1991) . Below the critical frequency, the resonant sound transmission factor can be much smaller than the non-resonant sound transmission factor. Because of the measurement and prediction uncertainties, the calculated value can produce non-physical negative values (Mahn and Pearse, 2008b) .
Another problem is the prediction of the non-resonant sound transmission factors of typical lightweight cavity wall building elements. For instance, stud walls have significant radiation from bending wave near fields. Are bending wave near fields resonant and/or non-resonant?
Even for single leaf homogeneous isotropic building elements, different theories produce different predictions for the non-resonant sound transmission factor. Does only one leaf of a multi-leaf wall need to be considered? Mahn and Pearse (2008b) measured the sound transmission factor of a 1.6 mm thick steel panel from 100 Hz to 5 kHz and used various theories to predict the non-resonant sound transmission factor and subtracted it from the total sound transmission factor in order to obtain the resonant sound transmission factor. The critical frequency was in the 8 kHz band and the surface density was 12.51 kg/m 2 . The dimensions of the panel were 0.950 m x 1.546 m. The source room was a 217 m 3 reverberation room and sound intensity was used on the receiving room side.
The study found that the theory of Rudder (1985) produced no positive values. The theories of Leppington et al. (1987) and Lee and Ih (2004) produced positive values at 100 to 160 Hz and 315 Hz. Sewell's (1970) values. The theories of Leppington et al. (1987) , Lee and Ih (2004) and Sewell (1970) produced positive values at 100 Hz. Gerretsen's (2007) theory produced positive values at 100 and 5000
Hz. The field incidence mass law produced positive values from 3150 to 5000 Hz. The normal incidence mass law produced positive values from 250 to 5000 Hz. It should be noted that the results given here are different from the results given in Mahn and Pearse (2008b) . An error in the calculation of the non-resonant radiation efficiency has been discovered and corrected (Mahn, 2010) .
Only those theories which do not use Sewell's (1970) and 12.5 mm gypsum board with studs (15 kg/m 2 with f c ≈ 3150 Hz). Note that these materials all have higher surface densities and lower critical frequencies than Mahn and Pearse's (2008b) materials. Even if the subtraction method produces no negative values, the positive values will still be very uncertain. Thus it appears that the subtraction method is not suitable to calculate the resonant sound transmission factor.
B. The correction factor
If τ nr and τ r are the non-resonant and resonant sound transmission factors, following from Mahn and Pearse (2008b) , the correction factor is
and the resonant sound transmission factor can be calculated from the total sound transmission factor τ,
(7)
The use of resonant sound transmission factors depends on the assumption that the non-resonant vibration transmitted at a junction of building elements is insignificant compared to that transmitted by the resonant vibration. Nevertheless a number of correction factor methods have been proposed which differ only in the values for the two ratios that they use.
The CSTB correction factor
The temporal and spatial mean squared velocity v a 2 of a diffuse airborne field excited homogeneous isotropic finite building element is the sum of the non-resonant mean squared velocity v nr 2 and the resonant mean squared velocity v r 2 (Villot, 2002) , if these two velocities are uncorrelated and have different wave numbers, such that 2 2 2 a n r r
This will normally be the case, except above the critical frequency when coincidence occurs. The radiated sound intensity I on one side of the panel divided by the characteristic impedance of air 
where σ r and σ nr are the resonant and non-resonant radiation efficiencies, σ a is the airborne diffuse field excited radiation efficiency inclusive of both the resonant and non-resonant components, ρ 0 is the ambient density of air and c is the speed of sound in air. Crocker and Price (1969) and others have shown that the ratio r of the resonant mean squared velocity to the nonresonant mean squared velocity for a single leaf homogeneous isotropic building element is 
where η is the total damping loss factor. Equations (8), (9) and (10) 
The value of the ratio of the resonant mean squared velocity to the diffuse airborne excited mean squared velocity can also be calculated. 
Unfortunately, as will be seen later, the experimental use of Eq. (14) can produce non-physical negative values which cannot be converted to decibels.
Equations (12) and (6) give (Villot and Guigou-Carter, 2006) 
The diffuse field airborne excited radiation efficiency and the resonant radiation efficiency (possibly with a near field correction) can be measured directly. Currently, the non-resonant radiation efficiency can only be calculated for single leaf homogeneous isotopic building elements. It is possible to measure the non-resonant radiation efficiency using near field acoustical holography and wave number separation. However, very few laboratories have the facilities to make such measurements and the measurements are very time consuming.
One way of overcoming this difficulty is to assume that the diffuse field airborne excited radiation efficiency and the resonant radiation efficiency are very small compared to the nonresonant radiation efficiency. In this case Eq. (15) becomes (Villot and Guigou-Carter, 2006 )
Another way of overcoming the difficulty of the calculation of the non-resonant radiation efficiency is to assume that σ nr ≈1 (Villot and Guigou-Carter, 2006) . For a single leaf homogeneous isotropic building element, this is equivalent to assuming that, below about half the critical frequency, the diffuse field sound transmission factor is equal to the infinite panel 45°
incidence sound transmission factor. This approach produces the following equation.
If the diffuse field airborne excited radiation efficiency and the resonant radiation efficiency are assumed to be very small compared to 1, Eq. (17) reduces to Eq. (16). Equations (16) and (17) can be evaluated using measured values and therefore are the only correction factors which are currently suitable for use with complex structures. term σ nr has been calculated by setting it to the value 1, by using the theory of (Sewell, 1970) and by using the spatial windowing technique (Villot et al., 2001) . well at the lower and at the higher frequencies but produces negative ratios at 315, 400, and 500
Hz. Therefore, the approximation is not suitable for use across the entire frequency range. are experimentally measured using near field acoustical holography as described in Villot and Guigou-Carter (2000) .
The Nightingale correction factor ξ
Nightingale (1995) measured the ratio of the resonant velocity v r 2 to the total airborne diffuse field excited velocity v a 2 which radiated the same sound power, by exciting the building element via a connected building element which was excited mechanically and with an airborne diffuse sound field. Unfortunately he multiplied the ratio by
before using it as a correction factor. The effects of this multiplication can been seen in Figure 7 of Mahn and Pearse (2008b) which shows the resonant sound reduction index calculated using Nightingale's correction factor differs significantly from the other calculated values, especially at the low frequencies. Nightingale's derivation of his correction factor appears to contain a number of erroneous assumptions. Because of these errors the use of Nightingale's correction factor is not recommended.
Metzen's correction factor
This correction factor has been proposed by Metzen (2004) and Gerretsen (2007) . It should be noted that both Metzen's and Gerretsen's formulas for this correction factor contain errors.
The correct version as found in Mahn and Pearse (2008b) is:
where, l 1 is the largest dimension of the element l 1 × l 2 .
For a square panel, the use of the Metzen correction factor is equivalent to using the value of r from Eq. (10), assuming that σ nr ≈ 1 and the use of the following low frequency approximation to the resonant radiation efficiency given in the first two editions of Cremer and Heckl's (1973) 
where U is the perimeter, S is the area, and λ c is the wavelength of sound in air at the critical frequency f c . This expression is a very low frequency approximation to the well known result of Maidanik (1962; Vér and Holmer, 1971) and Leppington et al. (1982) below the critical frequency. If this correction factor is to be used, the authors suggest that it would be better to use a more exact diffuse field incidence non-resonant radiation efficiency [see Davy (2009) for a discussion of some possible formulas] and the more exact result for the resonant radiation efficiency derived by Maidanik (1962; Vér and Holmer, 1971) and Leppington et al. (1982) . 
where σ r is given by Maidanik (1962; Vér and Holmer, 1971) and Leppington et al. (1982) .
Annex B of EN 12354 part 1 (ISO 15712 Part 1) correction factor
Gerretsen (2007) 
The correction factor of Nightingale and Bosmans

Nightingale and Bosmans (2003) effectively used the Crocker and Price (1969) statistical
energy analysis value of r given in Eq. (10). They used the value of the resonant radiation efficiency derived by Craik (1996) , Maidanik (1962; Vér and Holmer, 1971) and Leppington et al. (1987) . The modification of Sewell's (1970) airborne diffuse field excited non-resonant radiation efficiency by Leppington et al. (1987) is used. The approximate correction factor of Leppington et al. (1987) and Sewell's (1970) is used to account for the approach to the critical frequency from below. The inclusion of this factor in the non-resonant sound transmission factor is surprising, since in statistical energy analysis (SEA), the effects of this factor are accounted for by the modal response. It is also surprising that they did not use the formula of Leppington et al. (1987) for the resonant sound transmission factor below the critical frequency. These problems highlight the difficulty of defining the resonant and the non-resonant sound transmission factors.
The use of this correction factor is not recommended because it uses Sewell's approximate correction factor for the non-resonant sound transmission factor.
C. Direct theoretical calculation
Another possibility is the direct theoretical calculation of the resonant sound transmission factor. Rindel (2007) and Lee and Ih (2004) effectively calculated the mean squared mass law velocity for unit incident intensity and multiplied it by r given in Eq. (10) and the resonant radiation resistance. Equation (B.1) of Annex B of EN 12354 part 1 (ISO 15712 part 1) (ISO, 2005a) can be used to calculate the resonant sound transmission factor. Unfortunately, as noted in the discussion of the EN12354 Annex B correction factor (Sec. II B 4), the formula in the standard appears to be wrong.
The formula of Leppington et al. (1987) for τ r can be used, but as noted above there is some doubt as to whether the separation into resonant and non-resonant parts is appropriate for the purpose of EN 12354. In particular, as noted in Sec. II B 5, Nightingale and Bosmans (2003) only used the non-resonant formula Leppington et al. and not the resonant formula.
IV. CSTB PREDICTION METHOD
The third prediction method described in this paper emphasizes the importance of the radiation efficiencies of lightweight elements when applying flanking transmission predictions to frequencies below the critical frequency. Guigou-Carter et al. (2006) and Villot and GuigouCarter (2006) proposed and used this method to predict flanking transmission in a lightweight wooden building. The application of the CSTB method requires the measurement or the calculation of the airborne diffuse field excited radiation efficiency, the structure-borne diffuse field excited radiation efficiency and the direct sound transmission factor. These values are used in a modified version (Villot, 2002) of the flanking sound transmission factor that Gerretsen The common building element is chosen as the reference area for all flanking sound transmission factor calculations so that they can be easily added together without further area corrections.
The average of the flanking sound transmission factors in both directions can be taken in order to reduce the experimental uncertainty. This paper uses the geometric mean so that it is compatible with the current EN12354 method above the critical frequency. Since the flanking sound transmission factor has a log-normal distribution probability density function (Mahn and Pearse, 2008a) , the best estimate of the flanking transmission factor is ( ) 2 exp ln ln
If it is assumed that the difference between τ ij and τ ji is small, the squared term in Eq. (23) 
which is also the geometric mean. The validity of the assumption that the difference between τ ij and τ ji is small can be determined calculating by calculating the difference between the true best estimate and the geometric mean which is equal to ( )
The use of the CSTB prediction method will require the theoretical calculation or the measurement of the radiation efficiency terms. However, a standardized method of measuring the radiation efficiency currently does not exist. Villot and Guigou-Carter (Villot and GuigouCarter, 2006) have suggested that the radiation efficiency be determined according to ( ) 10 10 10 log 6 10 log
where L p is the spatially averaged sound level radiated in the receiving room, L v is the spatially averaged vibration level of the element tested (of surface area S) and A is the equivalent absorption area of the receiving room. L v can be measured using the same method as described for measuring D v,ij in ISO10848 using either airborne or mechanical sources of excitation.
However, the excitation of homogeneous elements using an electromagnetic shaker in order to measure the radiation efficiency can be problematic since the use of a point force to excite the element will produce a bending wave near field in the element. The bending wave near field radiated power is that which would be radiated if the building element were infinite in extent and the resonant or reverberant field radiated power is the power which is radiated due to reflections from the edges of the finite building element. At and above the critical frequency it is difficult to distinguish between these two forms of radiation and the correction is effectively zero. Below the critical frequency Fahy and Gardonio (2007) have shown that the ratio e of the resonant radiated sound power P r to the bending wave near field radiated sound power P n is 4 c r r
The measured power P is the total radiated power which is the sum of the bending wave near field radiated power and the resonant radiated power. Since only the resonant radiated power is needed when calculating the resonant radiation efficiency, the following correction has to be applied.
FIG. 4 graphs the correction 1/(1+1/e) in dB for a 13 mm gypsum plaster board panel with a critical frequency of 3150 Hz, a total damping loss factor of 0.03, a height of 3 m and a width of 4 m. This correction term is as expected negligible above the critical frequency but can be quite important below the critical frequency (up to -3 dB for the considered case).
For single leaf homogeneous isotropic elements, an alternative method to avoid the extra point force radiation contribution is to measure the resonant radiation efficiency of a homogeneous element by exciting a second building element which is coupled to the building element under evaluation.
The extra point force radiation contribution is unlikely to be a problem for complex building elements if the radiation efficiency is measured for the non-excited face of the element.
Since the point force does not act on the wall leaf radiating into the receiving room, then the only bending wave near fields in the radiating leaf will be those due to the structural connections.
V. COMPARISON OF THE RADIATION EFFICIENCY AND THE EN12354 PREDICTION METHODS
The theory behind the radiation efficiency method and the EN12354 method are described in the literature (Gerretsen, 1979; 1986; Villot and Guigou-Carter, 2006 ) and so will not be discussed further. However, some of the primary differences between the prediction methods are discussed in this section. It is important to note that both methods assume that the elements support diffuse vibratory fields and this is often not the case for lightweight building constructions, especially double-leaf constructions. Predictions using the direct approach described in Sec. I do not have this problem. Modifications to the EN12354 method to account for the non-diffuse vibratory fields such as the inclusion of the element attenuation have been proposed (Gerretsen, 2007) .
A. Velocity level difference
The EN12354 method can be considered as a first order SEA approximation (Gerretsen, 2003) and therefore the equations describing the power balance can only consider the resonant transmission. Furthermore, it is assumed that only resonant transmission is important for flanking transmission (Gerretsen, 1979) which is an acceptable assumption for heavy, monolithic constructions with critical frequencies below the frequency range of interest, but not for lightweight constructions. EN12354 uses the vibration reduction factor measured in accordance with ISO10848 to describe the vibrational power transmission through the junction between the elements. Although ISO10848 describes the measurement of the vibration reduction factor by excitation of the elements using airborne noise, it is noted that the use of mechanical excitation is preferred since airborne noise will excite both resonant and non-resonant velocity on the source
Note that Eq. (29) is identical to Eq. (8). The use of mechanical excitation will result in only resonant velocity on the elements and therefore, the spatially averaged mean square velocity measured on the receiving element j when the source element i is excited using mechanical excitation is:
Note that Eq. (30) is identical to Eq. (3).
Alternatively, the CSTB method makes no assumptions about the exclusion of the transmission of the non-resonant velocity through the junction. The airborne excited vibration reduction factor is used to describe the transmission of the vibration through the junction between the elements i and j such that:
Note that the response of the receiving element j is purely resonant due to the resonant and nonresonant velocity on the source element.
Above the critical frequency of an element, the airborne excited and the resonant radiation efficiencies of the element are equal (Craik, 2003) . Thus above the critical frequencies of both building elements, Eq. (24) of the CSTB approach reduces to the following equation.
Above the critical frequency, the airborne excited and mechanically excited vibration reduction factors are equal and the total sound transmission factor is equal to the resonant sound transmission factor. Therefore, above the critical frequency Eq. (32) is essentially the same as Eq. (4) used by the EN12354 method above the critical frequency.
B. Radiation efficiencies
As previously mentioned, the EN12354 method only considers the resonant component of the mean square velocity on an element i and therefore uses the corresponding resonant radiation efficiency.
On the contrary, the CSTB method is more general since it takes into account both the resonant and the non-resonant components of the mean square velocity excited on an element by airborne excitation. Therefore, the radiation efficiency used to describe the airborne excitation of an element i is the airborne diffuse field excited radiation efficiency inclusive of both the resonant and non-resonant components.
As previously discussed, below the critical frequency of an element i, it is more appropriate to consider both the resonant and the non-resonant fields propagating in that element. Above the critical frequency, the CSTB and the EN12354 methods are equivalent since the resonant field dominates the propagation in the structural element.
Furthermore, the resonant radiation efficiency and airborne diffuse field excited radiation efficiency of an element i are very different below the critical frequency (see Villot and GuigouCarter (2006) ) : their variation with respect to frequency presents quite different slopes, and the airborne diffuse field excited radiation efficiency is larger than the resonant radiation efficiency (the difference reduces as the critical frequency is approached). Thus, it is important to use the appropriate radiation efficiency for the predictions.
C. Resonant sound reduction index versus radiation efficiency
The EN12354 method includes the calculation of the resonant sound reduction index of the elements. Unlike the values of the radiation efficiencies, the resonant sound reduction index can not be directly measured. This has the serious consequence that the errors associated with the calculation of the resonant sound reduction index can not be quantified. This problem shows the advantage of using the radiation efficiencies since these quantities can be measured in the laboratory. The measured values of the radiation efficiency can be compared against the values calculated theoretically so that the error in the calculations is known and the models can be improved.
Furthermore, since the ratio of the resonant to the non-resonant mean squared velocities and the ratio of the non-resonant to the resonant radiation efficiency are needed to calculate the correction factors used to calculate the resonant sound reduction index, there seems to be no advantage to using a correction factor in the EN12354 method compared to the use of the radiation efficiencies in the CSTB method. (Crispin et al., 2006) , it would be beneficial to use the measured data in the CSTB prediction method. The possibility that d r,ij can be assumed to be equal to d a,ij will be discussed in this section. The discussion is based largely on theory and future experimental data is required to determine the possible errors in the prediction if the assumption is applied.
VI. VIBRATION REDUCTION FACTOR APPROXIMATIONS
A. Assumption that airborne and resonant vibration reduction factors are equal
The airborne vibration reduction factor d a,ij includes both the resonant and non-resonant velocity components from the source element. If d r,ij data is to be used in place of d a,ij , then some assumptions must be made. According to Villot (2002) and Guigou-Carter et al. (2006) , d r,ij is of the order of 2 dB greater than d a,ij . However, if the emission plate is the inner leaf of a steel stud cavity wall with sound absorbing material in the cavity, this difference can reach 5 dB at frequencies close to the mass-air-mass resonance (Villot, 2002) .
The validity of the assumption that d a,ij can be replaced by d r,ij was examined through measurements from CSTB. The ratio of (σ nr -σ a )/(σ nr -σ r ) from Eq. (14) in FIG. 1, FIG. 2 and FIG. 3 .
B. Assumption that non-resonant vibration transmission through building element junction is negligible
A possible alternative assumption is that the contribution of the non-resonant vibration in building element i to the transmission of vibration to building element j is very much smaller assumption of the EN12354 method and that Eq. (49) is valid for calculating the resonant sound reduction index, then it must also be assumed that equations (2) and (24) are equivalent.
D. Additional assumption that non-resonant vibration is not a significant contributor to total velocity
If it is also assumed that the mean squared non-resonant velocity is very much smaller than the mean squared resonant velocity, Eq. (7) becomes
Inserting Eq. (38) into equations (34) and (35) gives
and
Thus, the combination of assumptions that the non-resonant transmission through the junction is negligible and that the non-resonant velocity is not a significant contributor to the total velocity results in the assumption that the airborne noise excited and the mechanically excited vibration reduction factors are equal. As stated in Sec. VI A, the validity of these assumptions and conclusions still needs experimental verification.
VII. CONCLUSIONS
The prediction method recommended by this paper is the CSTB approach which makes use of the airborne and resonant radiation efficiencies. The airborne diffuse field excited radiation efficiency and the resonant radiation efficiency should be measured or calculated theoretically as well as the direct sound transmission factors. This data should be used with the CSTB approach.
If the airborne diffuse field excited velocity reduction factor has been measured, no assumption is needed. If the resonant velocity reduction factor has been measured, the assumption that the airborne diffuse field excited velocity reduction factor is approximately equal to the resonant velocity reduction factor needs to be made. Further work is needed to quantify the errors in the predictions associated with the application of this assumption. Alternatively, the CSTB correction factor can be used to predict the flanking transmission factor using the EN13254 method. However, the calculation of the resonant transmission factor using this method requires the assumptions that the transmission of non-resonant velocity through the junction is insignificant compared to the resonant velocity, the non-resonant radiation efficiency is equal to one or that the total and resonant radiation efficiencies are much less than the non-resonant radiation efficiency.
If the CSTB method is recommended for the predictions, it should be stressed that it still can probably be improved; more experimental data is definitely required. Indeed, theoretical predictions of the airborne diffuse field sound excited and the resonant radiation efficiencies and the direct sound transmission factors should be compared with the measured values to aid the development of suitable theoretical prediction methods. If the revision of EN 12354 maintains the use of resonant sound transmission factors, it should specify exactly how to determine them.
For a multiple leaf element, it should also specify when to use the complete element and when to use just one leaf of the element. Villot, M., and Guigou-Carter, C. (2006) . "Measurement methods adapted to wood frame lightweight constructions," Build. Acoust. 13, 189-198. Villot, M., Guigou, C., and Gagliardini, L. (2001) . "Predicting the acoustical radiation of finite size multi-layered structures by applying spatial windowing on infinite structures," J. Sound
Vib. 245, 433-455.
FIGURE CAPTIONS
FIG. 1. (Color online)
The ratio (σ nr -σ a )/(σ nr -σ r ) of Eq. (14) for a single leaf 13 mm gypsum plaster board wall mounted on wood studs (9 kg/m 2 with f c ≈ 3150 Hz) measuring 4.18 by 2.47 m. σ nr has been calculated by setting it to the value one , by using the theory of (Sewell, 1970) and by using the spatial windowing technique (Villot et al., 2001 ) ▲. Unlike in EN 12354 (ISO, 2005a) , the radiation efficiency has not been limited to a maximum of 2. with f c ≈ 1600 Hz) and mounted on wood studs measuring 4.18 by 2.47 m. σ nr has been calculated by setting it to the value one , by using the theory of (Sewell, 1970) and by using the spatial windowing technique (Villot et al., 2001 ) ▲. Unlike in EN 12354 (ISO, 2005a) , the radiation efficiency has not been limited to a maximum of 2. calculated by setting it to the value one , by using the theory of (Sewell, 1970) and by using the spatial windowing technique (Villot et al., 2001 ) ▲. 
